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Abstract: An investigation to measure the flow behavior of magnetic nanoparticles through a 100µm 
microchannel is conducted. The magnetic field is applied externally by a permanent magnet and by using a 
micro-PTV system it was possible to measure the flow behavior of magnetic nanoparticles at different 
flow rates and magnetic fields through a 100µm glass capillary. A strong dependence on both magnetic 
and hydrodynamic force is observed on the nanoparticles fluidic paths. Based on these in vitro studies, 
important parameters and issues that require further understanding and investigation are point out. 
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INTRODUCTION  
Magnetic nanoparticles are used in a variety of biomedical applications such as hyperthermia, drug delivery, 
bioseparation and MRI contrast agents [1-3]. Drug delivery using magnetic nanoparticles is a more promising 
application since it is a noninvasive technique where high efficiency could be achieved. The advantage using 
magnetic nanoparticles in drug delivery is that it could be used for localized drug delivery whereas the 
conventional drug delivery methods would result in drug associated side effects. The magnetic nanoparticles 
for biomedical applications are usually coated with a biocompatible surfactant layer which prolongs the 
circulation time of the nanoparticles in the blood. The size of the magnetic nanoparticles should be less than 
100 nm to prevent its capture by mononuclear phagocyte system [4]. Though magnetic nanoparticles of sizes 
below 50 nm could be easily synthesized and dispersed, the polymeric coating would render the particle size 
to more than 50 nm [5]. Hence magnetic nanoparticles of smaller sizes are preferred. When the size of the 
magnetic nanoparticles becomes smaller, thermal relaxation would be dominant and result in 
superparamagnetism. Superparamagnetism is a phenomenon arising due to the dominance of thermal energy 
over anisotropy energy (kT>KV). The thermal energy and anisotropy energy are given by kT and KV 
respectively, where k is the Boltzmann constant, T is the temperature, K is the magnetocrystalline anisotropy 
constant and V is the volume of the particle. The superparamagnetic particles would exhibit close to zero 
coercivity and hence could be controlled easily by external magnetic field. However the superparamagnetic 
  
 
 
 
nanoparticles are hard to saturate and hence it requires sufficiently larger field. Thus it would be advantageous 
to use magnetic materials which show larger saturation magnetization even at low magnetic field. Fig.1 (a) 
shows the typical hysteresis loop at room temperature for magnetic materials with high K and (b) shows the 
hysteresis loop for a superparamagnetic material. The difference in magnetic parameters such as coercivity 
and saturation magnetization is obvious from the fig. 1. 
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Figure 1: (a) Typical hysteresis loop at room temperature for a high K magnetic material and (b) hysteresis loop for a 
superaparamagnetic material. The superaparamagnetic material shows negligible coercivity. 
Although smaller magnetic particles are preferable for biomedical applications, for applications such as drug 
delivery, the particles should be able to respond to an external magnetic field even at a larger separation. This 
requires that the magnetic nanoparticles should exhibit very large saturation magnetization. FeCo and Fe are 
the magnetic materials with very large saturation magnetization of 240 and 218 emu/g respectively [6]. 
Although FeCo has higher saturation magnetization, the biocompatibility and surface modification are 
difficult to achieve. On the other hand Fe particles of very high magnetization could be easily synthesized 
through chemical methods [7].  The biocompatibility could be achieved by a Fe-oxide layer over the Fe 
particles [8] as the biocompatibility of Fe-oxides is well known. However when the particle size becomes 
smaller, the Fe particles naturally undergoes oxidation and the large surface area of smaller particles with Fe-
oxide layer would reduce the saturation magnetization. This is illustrated in Fig.2 where larger Fe particles 
would show higher magnetization. 
 
 
 
 
 
 
 
 
 
 
 
 
(a)            (b) 
Figure 2: (a) Fe nanoparticles of smaller size have lower magnetization due to the larger fraction of Fe-oxide layer and 
(b) larger Fe particles show higher magnetization due to negligible Fe-oxide layer. 
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The Fe particles of various sizes could be synthesized using techniques such as inert gas condensation and 
chemical methods such as borohydride reduction, thermal decomposition and polyol process [9, 10]. The 
chemical methods such as polyol process is highly advantageous since the Fe particles could be free from 
contamination and surface modification is also possible. The surface modified nanoparticles could be then 
dispersed in a biocompatible fluid and injected into the blood stream and targeted to specific sites using an 
external magnetic field [11]. The drug delivery efficiency for the magnetic nanoparticles to reach specific 
target is influenced by various factors such as diameter of the circulatory path, force due to blood flow and the 
magnetic field. Magnetic particles of larger size could be delivered through the venule and arteriole whose 
radius ranges from 8 um to 0.07 mm whereas particle size should be less than 100 nm to pass through 
capilaries [12]. Generally magnetic nanoparticles synthesized will have a distribution in sizes and thus the 
magnetization and flow characteristics in a fluid will vary with size. For a single particle, the forces acting on 
the particle in a fluid can be obtained from Newton’s law 
 
                                                       (1) 
 
where mp and vp are the mass and velocity of the particle. Fm is the magnetic force given by 
HF fpm µµ ).( ∇=  where µp is the effective magnetic dipole moment, µf is the permeability of the fluid 
and H is the external magnetic field. The drag force on the particle, Ff is given by )(6 fppf vvRF −−= piη  
where η is the viscosity of the fluid, Rp and vp are the radius and velocity of the particle and vf is the velocity 
of the fluid. Fg is the sedimentation force due to density difference between the particles and fluid. Fg is given 
by VgFg ρ∆= , where ∆ρ is the density difference, V is the volume of a particle, and g is the gravitational 
acceleration.  
Most research in microcirculation has involved experimental studies using optical techniques mainly because 
they are less invasive for measuring the flow field. However, the fact that measurements of blood flow in 
microcirculation need to be performed at very small scales, have limited the number of flow measurements 
techniques suitable for this purpose. For instance, MRI and ultrasonography are not suitable to obtain 
quantitative flow information in microvessels mainly due to their poor spatial resolution. The majority of the 
works performed in the past to measure velocity profiles of blood flow in vivo and in vitro are the double-slit 
photometry, video microscopy and image analysis, and laser-Doppler anemometry. Recently, the considerable 
progress in computers, optics and digital image processing techniques made possible to successfully combine 
the conventional PIV system with an inverted microscope [13]. This combination, known as micro-PIV, has 
greatly increased the resolution of conventional PIV; as a result, this technique was been recently used to 
investigate biological flow behavior in microchannels [14-19]. However, to our knowledge micro-PIV/PTV 
measurements of physiological fluids containing magnetic nanoparticles was not performed in glass 
capillaries. The present study aims to measure and evaluate the flow behavior of magnetic nanoparticles at 
different flow rates and magnetic fields through a 100µm glass capillary by means of a micro-PTV system.  
MATERIALS AND METHODS  
Working fluids, microchannel and magnetic field 
The working fluid used in this study was Dextran 40 (Dx40) seeded with magnetic nanoparticles with 
diameters of 25 nm (Fe25). The microchannel used in this study was a 100-µm circular borosilicate glass 
microchannel fabricated by Vitrocom (Mountain Lakes, NJ, USA). The microchannel was mounted on a slide 
glass (~120 µm thick) where it was immersed in a fluid (glycerol) in order to minimize some possible 
refraction from the walls of the microchannel. (see Figure 3).  
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Figure 3: Diagram showing the components of the microchannel device. 
 
Figure 4 shows a schematic illustrating the effect of static magnetic field on the magnetic nanoparticles. 
Briefly, a permanent magnet was attached into a needle and the strength of the magnetic field was varied by 
changing the position (L) of the magnet. By placing the needle around the middle plane of the microchannel 
we were able to create a magnetic field of 0.25mT and 0.4mT. The magnetic field was measured by using a 
Gauss meter (GM-301, Denshijiki).  
 
 
Figure 4: Diagram showing the effect of the magnetic field on the magnetic nanoparticles. 
 
Experimental set-up 
The microvisualization system used in this study is shown in Figure 5. The system consists of an inverted 
microscope (IX71; Olympus, Japan) combined with a high-speed camera (Phantom v7.1; Vision Research, 
USA). The circular microchannel was placed on the stage of the inverted microscope and by using a syringe 
pump (KD Scientific, USA) a pressure-driven flow was kept constant at 0.25 µl/min which corresponds to a 
Reynolds of ~ 0.01. All the images were captured around the middle of the microchannels with an air 
immersion 60× objective lens with a numerical aperture (NA) equal to 0.9. The flow images were first 
recorded with a resolution of 640×480 pixels, at a rate of 200 frames/s (time interval of 5 ms) and then 
digitized and transferred to a computer to be evaluated by using a Phantom camera control software (PH607), 
a Image J (NIH) [20] and by a manual tracking MTrackJ [21] plugin. As a result it was possible to track 
clusters of nanoparticles flowing within the microchannel. 
 
 
Figure 5: Experimental set-up to investigate the effect of an external magnetic field on the fluidic paths of the magnetic 
nanoparticles. 
 
RESULTS AND DISCUSSION 
Flow visualization  
Figures 6-10 show the effect of a local electromagnetic force on the flow behavior of magnetic nanoparticles 
with a diameter of 25nm and a flow rate of 0.25µl/min and 35µl/min. Additionally by changing the position of 
the permanent magnet we were also able to vary the strength of an external magnetic field. As a result it was 
possible to investigate the migration behavior of magnetic nanoparticles in an applied magnetic field, i. e., 
0.25mT and 0.4mT. 
Magnetic field of 0.4mT 
First we investigated the effect of a magnetic field of 0.4mT on the nanoparticles flow behavior through a 100 
µm circular microchannel. Figure 6 shows clearly that for a flow rate of 0.25 µl/min the magnetic 
nanoparticles tend to attach to the wall side where the magnetic force is applied. It is also possible to observe 
that the concentration of the nanoparticles tend to increase as a function of time.  
  
 
 
 
 
 
Figure 6: Effect of the local electromagnetic force on the nanoparticles flow behavior in a circular microchannel for a 
flow rate of 0.25 µl/min. Magnetic field of 0.4mT. 
 
 
 
Figure 7: Effect of the local electromagnetic force on the nanoparticles flow behavior in a circular microchannel for a 
flow rate of 35 µl/min. Magnetic field of 0.4mT. 
 
We also carried out qualitative measurements to investigate the effect of the flow rate for a magnetic field of 
0.4mT. Figure 7 shows that for a flow rate of 35 µl/min there is no visible aggregation of nanoparticles on 
wall of the microchannel. It means that the flow rate strongly influence the binding capacity of the magnetic 
nanoparticles to attach on the microchannel surface.  
 
Magnetic field of 0.25mT 
We also investigated the effect of a weaker magnetic field of 0.25mT on the nanoparticles flow for a flow rate 
of 0.25 µl/min. The results from Figure 8 show smaller amount of magnetic nanoparticles when compared 
with Figure 6. This phenomenon is due to the decrease of external magnetic field.  
 
Figure 8: Effect of the local electromagnetic force on the nanoparticles flow behavior in a circular microchannel for a 
flow rate of 0.25 µl/min. Magnetic field of 0.25mT. 
 
Tracking clusters  
By using an high speed camera the flow images were recorded at a rate of 200 frames/s (time interval of 5 ms) 
and then by using a manual tracking MTrackJ plugin from Image J (NIH) it was possible to track clusters of 
nanoparticles flowing within the microchannel, as shown in Figures 9 and 10. 
Magnetic field of 0.25mT and flow rate of 0.25 µl/min 
Figure 9 shows the trajectories of nanoparticles flowing in middle (Tk2) and near the wall of the microchannel 
(Tk1). For the case of the middle nanoparticles the applied magnetic field (0.25mT) seems not to interfere in 
its trajectory. A possible explanation is the higher hydrodynamic force acting on the nanoparticles when 
compared with the magnetic force generated by the external magnet. In contrast the nanoparticles flowing 
near the wall the trajectories tend to change their trajectories due the magnetic field strength. Figure 10 clearly 
shows the effect of the applied magnetic field on the instantaneous velocities on the cluster 1 (Tk1) and 2 
(Tk2). The results from the cluster (Tk2) flowing around the middle of the microchannel indicates that the 
velocity tend be nearly constant. The deviations observed in cluster 2 may be mainly due to the tracking 
method used in the present study and not to the magnetic field. On the other hand, the cluster (Tk1) flowing 
near the wall suffer not only an abrupt change on its flow direction but also a significant decrease on its 
velocity, with values initially around 0.5 mm/s down to nearly 0 mm/s. 
  
  
 
 
 
 
 
Figure 9: The effect of the local electromagnetic force on the displacement of cluster 1 (Tk 1) and 2 (Tk 2) flowing 
through a 100 µm glass capillary. Magnetic field of 0.25mT. 
 
 
Figure 10: The effect of the local electromagnetic force on the instantaneous velocities of cluster 1 (Tk 1) and 2 (Tk 2) 
flowing through a 100 µm glass capillary. Magnetic field of 0.25mT. 
 
CONCLUSIONS AND FUTURE DIRECTIONS 
The present study corresponds to the first attempt to measure the flow behavior of magnetic nanoparticles 
through a 100µm microchannel by using a micro-PTV system. Although it was not possible to track 
individual nanoparticles, the results demonstrated the ability of our system to measure clusters of magnetic 
nanoparticles generated by an external magnetic field. The preliminary results show that the nanoparticles 
fluidic paths are strongly dependent not only by the magnetic field strength but also by the hydrodynamic 
force. For instance, for a magnetic field of 0.4mT and flow rate of 0.25 µl/min the nanoparticles tend to 
change their fluidic path and attach onto the wall whereas for the same magnetic field and higher flow rate of 
35 µl/min the magnetic effects are negligible. Further studies are needed to clarify the effect of the static 
magnetic field on the flow behavior of magnetic nanoparticles.  
In this study, the magnetic field was generated by using an external permanent magnet. In the future we intend 
to study the flow behavior of magnetic nanoparticles under the influence of an alternating (AC) magnetic 
field. By using an alternating field the magnetic nanoparticles can generate heat and can be used as novel 
treatment technique to destroy tumours.  
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